Abbreviations {#sec0445}
=============

AID:

:   Autoimmune disease

AChR:

:   Acetylcholine receptor

BAFF:

:   B-cell activating factor

GC:

:   Germinal center

EAMG:

:   Experimental autoimmune MG

IFN:

:   Interferon

Ig:

:   Immunoglobulin

IL:

:   Interleukin

IS:

:   Immunosuppressive

IVIg:

:   Intravenous immunoglobulin

KO:

:   Knockout

LRP4:

:   Low-density lipoprotein-related protein 4

MG:

:   Myasthenia Gravis

MuSK:

:   Muscle specific kinase

NMJ:

:   Neuromuscular junction

RA:

:   Rheumatoid arthritis

SC:

:   Stem cell

SLE:

:   Systemic lupus erythematosus

Th cell:

:   T helper cell

Tfh cell:

:   T follicular helper cell

Treg cell:

:   Regulatory T cell

INTRODUCTION {#sec0450}
============

Autoimmune Myasthenia Gravis (MG) is a rare neuromuscular disorder characterized by a defective transmission of nerve impulses to muscles. This defect is caused by an autoimmune attack against components of the neuromuscular junction (NMJ) on the postsynaptic membrane of striated skeletal muscles. The characteristic feature of MG is a fluctuating fatigable muscle weakness which can range between mild forms affecting eye muscles only to severe generalized forms.

Autoantibody targets defining MG subtypes {#sec0455}
-----------------------------------------

A large majority of MG patients can be defined by the presence of specific autoantibodies ([Table 1](#jnd-5-jnd170294-t001){ref-type="table"}). Anti-acetylcholine receptor (AChR) antibodies have been described in the seventies \[[@ref001]\]. Since 2001 \[[@ref002]\] and 2011 \[[@ref003]\], two new subgroups of patients have been characterized with autoantibodies against other components of the NMJ: respectively, the muscle-specific kinase (MuSK) and the low-density lipoprotein-related protein 4 (LRP4) \[[@ref004]\].

###### 

Classification of MG patients according to the nature of the autoantibodies

  ---------------------------------------------------------------------------------------------------------------------------------------------------
  Antigen target                           AChR                      Clustered-AChR                   MuSK                          LRP4
  --------------------------- ------------------------------- ---------------------------- --------------------------- ------------------------------
  First publication            Aharonov et al. \[[@ref001]\]   Leite et al. \[[@ref012]\]   Hoch et al. \[[@ref002]\]   Higuchi et al. \[[@ref003]\]

  Frequency                                ∼85%                           ∼5%                          ∼5%                         ∼1--5%

  Patients                          EOMG: women \> men\                    ?                       Young women                  Young women
                                    LOMG: men \> women                                                                 

  Isotypes                          IgG1, IgG3 mainly\                    IgG1                     IgG4 mostly               IgG1, IgG2 mainly\
                                   IgG2, IgG4 low levels                                                                      IgG3 low levels

  Implication of complement                 Yes                           Yes                          No                           Yes

  Correlation with severity                 No                             ?                           Yes                           ?

  Thymic pathology             EOMG: follicular hyperplasia\        Mild follicular\                   No                            ?
                                       LOMG: thymoma                  hyperplasia                                      
  ---------------------------------------------------------------------------------------------------------------------------------------------------

### MG with anti-AChR antibodies {#sec0460}

The nicotinic AChR is composed of five protein subunits and is concentrated on muscle cells at the NMJ. The anti-AChR antibodies in one individual are composed of different subclasses of immunoglobulins (IgGs) and preferentially target a region on the extracellular side of the *α*-subunit of the AChR called the MIR (main immunogenic region) \[[@ref005]\].

A number of mechanisms underlie the reduction of AChRs at the NMJ in MG patients \[[@ref006]\]. However, the classical complement pathway is mainly involved in the pathogenesis of AChR-MG \[[@ref006]\]. Formation of the membrane attack complex (MAC) causes severe structural injury of endplates, and lyses the postsynaptic membrane which ultimately disperses and depletes AChRs at the NMJ \[[@ref007]\]. It is suggested that in some cases, the destruction of the NMJ accounts for irreversible, fixed symptoms which do not improve even with an optimal treatment.

Two main clinical subgroups of MG patients with anti-AChR antibodies can be distinguished: the ocular and generalized form. The ocular form, representing approximately 15% of patients, is diagnosed when symptoms of the disease are limited to ocular symptoms for at least 2 years. Patients with a generalized form of MG display a fluctuating weakness affecting in a variable, often asymmetric way the axial muscles, the limbs and the so-called "bulbar" and respiratory muscles. Furthermore, this form of myasthenia can be divided into two subgroups according to the age of onset. •Early-onset AChR-MG (EOMG) (age of onset \<45--50 years old): most EOMG patients present a high level of anti-AChR antibodies often associated with thymic follicular hyperplasia \[[@ref008]\]. More than 80% of patients with follicular hyperplasia are women \[[@ref009]\].•Late-onset AChR-MG (LOMG) (age of onset \>45--50 years old): this subgroup is frequently associated with the presence of a thymoma \[[@ref010]\]. In recent years, a form of MG appearing mainly in males after 60 years of age but not associated with a thymoma has been described and is sometime defined as a very late-onset form of AChR-MG) \[[@ref011]\].

Irrespective of their clinical presentation, response to treatment, and thymic abnormalities, some patients have anti-AChR antibodies that are not detectable by the classical immunoprecipitation assay, as their autoantibodies only recognize the AChR in its clustered configuration. In these patients, the anti-AChR antibodies are predominantly of the IgG1 isotype and can also activate complement \[[@ref012]\] ([Table 1](#jnd-5-jnd170294-t001){ref-type="table"}).

### MG with anti- MuSK antibodies {#sec0465}

MuSK is a transmembrane tyrosine kinase that is expressed predominantly at the postsynaptic membrane of the NMJ. MuSK binds to LRP4 and transmits an agrin-mediated signal for the clustering of AChR \[[@ref013]\]. MG with anti-MuSK antibodies corresponds to about 5% of the MG patients \[[@ref002]\] ([Table 1](#jnd-5-jnd170294-t001){ref-type="table"}). They typically have severe clinical symptoms involving the facial, bulbar and respiratory muscles; ocular symptoms are less prominent than in AChR-MG. Muscle atrophy is also more common in these patients \[[@ref014]\], especially at the tongue level. No thymic pathology is observed \[[@ref014]\]. The mechanism of action of anti-MuSK antibodies is not yet clearly defined as autoantibodies are of the IgG4 subtype that does not activate the complement cascade. However, in mouse models, MuSK antibodies lead to a pre- and post-disorganization of the NMJ \[[@ref016]\].

### MG with anti-LRP4 antibodies {#sec0470}

The LRP4 protein belongs to a family of proteins that has been recently identified as the receptor for the neural agrin that can activate MuSK \[[@ref017]\]. Patients with anti-LRP4 antibodies were only described in 2011 \[[@ref003]\] ([Table 1](#jnd-5-jnd170294-t001){ref-type="table"}). A study has investigated a large number LRP4-MG patients \[[@ref019]\]. The clinical data collected for LRP4-MG patients showed that at disease onset, symptoms are mild with some identified thymic changes (32% with follicular hyperplasia, none with thymoma). These patients are predominantly of the IgG1 and IgG2 subtypes that can activate the complement cascade. In the LRP4 induced-mouse model, alterations of the NMJ is observed \[[@ref020]\]. Overall, the response of LRP4-MG patients to treatment seems more similar to that of AChR-MG than of MuSK-MG patients \[[@ref019]\]. Unfortunately, so far, there are no routine lab tests to detect efficiently anti-LRP4 antibodies.

Alteration of the immune system in AChR-MG {#sec0475}
------------------------------------------

### Thymic abnormalities {#sec0480}

The thymus provides a complex environment essential for the differentiation and generation of the T-cell repertoire: CD4^+^ and CD8^+^ T cells. In AChR-MG, histological abnormalities are very often found in the thymus \[[@ref021]\]. In EOMG cases, 50--60% of the patients exhibit thymic hyperplasia of lympho-proliferative origin characterized by ectopic germinal centers (GCs) and 15% of the patients have a thymoma \[[@ref022]\].

The hyperplastic thymus in AChR-MG displays numerous features normally only observed in secondary lymphoid organs \[[@ref008]\]. The hyperplastic thymus includes all the components of the anti-AChR response: AChR \[[@ref024]\], B cells producing anti-AChR antibodies \[[@ref025]\], and anti-AChR autoreactive T cells \[[@ref027]\]. The proportion of GCs correlates with the anti-AChR antibody titer \[[@ref022]\], which generally decreases after thymectomy \[[@ref029]\]. All these observations support the role of the thymus in the pathogenesis of AChR-MG, and thymectomy is often advised for AChR-MG patients \[[@ref030]\]. In contrast, the thymus of MuSK-MG patients shows no pathological changes, and beneficial effects of thymectomy have not been proven for this subgroup \[[@ref014]\]. There is still no clear information on the involvement of the thymus in LRP4-MG.

### Imbalances of the immune system {#sec0485}

The production of antibodies is dependent on CD4^+^ T cells, necessary to induce a subsequent B-cell response. Naive CD4^+^ T cells differentiate into different T helper (Th) cell subsets including Th1, Th2, Th17, T follicular helper (Tfh) cells, and regulatory T (Treg) cells. Both Th1 and Th2 cells are involved in MG pathogenic mechanisms, as demonstrated by type II interferon (IFN-II) and interleukin (IL)-4 production by peripheral blood cells \[[@ref032]\]. Tfh cells are a subset distinguishable from other Th cells by several criteria, including CXCR5 expression, location/migration (B-cell follicles), and function (B-cell help). MG patients showed a significantly higher frequency of Tfh in correlation with disease severity \[[@ref034]\].

In recent years, autoimmunity has been reconsidered as being mainly controlled by the balance between inflammatory Th17 cells and Treg cells \[[@ref035]\]. An increase in IL-17, a Th17 cytokine, has been described in the serum of AChR-MG patients but also in the thymus where it could be involved in GC development \[[@ref036]\]. In AChR-MG patients defects have been observed about Treg cells that are clearly less functional \[[@ref039]\]. The altered immune regulatory function observed for T cells in MG patients is also due to effector T cells that are resistant to suppression \[[@ref041]\].

Altogether, these data clearly suggest an imbalance between Treg cells and effector T cells (Th1, Th2, Tfh, and Th17) in MG patients. However, it is not clearly defined if these alterations of the immune system pre-exist in susceptible MG patients before the onset of the disease or if they are the consequence of the inflammatory environment.

Classical therapeutic approaches {#sec0490}
================================

Treating MG implies considering several parameters: the form of the disease (i.e. ocular, mild or severe generalized MG), the age of the patient, and the presence of other conditions (e.g. pregnancy, severe diabetes or arterial hypertension) or treatments that may lead to an absolute or relative contraindication of a potentially useful drug. Most patients will need a long-term treatment, sometimes for their whole life, but choosing the optimal treatment is not always easy, as reliable, controlled studies comparing the different treatment options are scarce, largely due to the vast heterogeneity of patients' presentation and severity, and also to the differences observed in their management according to the "local culture" of their physicians. The "classical" treatments of MG include molecules alleviating the symptoms, drugs targeting the auto-immune mechanisms of the disease, and thymectomy. Beside the long-term management of the disease, severe myasthenic crises require particular treatments, including intravenous immunoglobulin (IVIg) infusions, plasmapheresis and non-specific intensive care unit management in case of respiratory involvement. One should also always remind that myasthenic symptoms can worsen (sometimes dramatically) due to potentially aggravating drugs, such as quinine, macrolides or beta-blockers.

Cholinesterase inhibitors {#sec0495}
-------------------------

By inhibiting the action of acetylcholinesterase at the NMJ, these molecules increase the half-life of acetylcholine and optimize its potential interaction with AChR. They should be part of the first-line treatment of MG patients \[[@ref042]\]. Pyridostigmine 60 mg is the main drug used in clinical practice throughout the world, and gives relief at a variable dose according to the patients' symptoms. In some countries, ambemonium chloride 10 mg can be an alternative to pyridostigmine, especially in case of poor tolerance. The 180 mg extended release form of pyridostigmine is useful in patients who still have significant symptoms when they wake up. The drug intake should be prescribed late in the evening. Side-effects of cholinesterase inhibitors include muscle cramps and contractures, fasciculations, diarrhea. A cholinergic crisis with muscle weakness is possible in case of overdosage of the molecule and should be differentiated from myasthenic paralysis. Of note is the fact that anti-MuSK MG patients often responds poorly to cholinesterase inhibitors, and may even occasionally worsen under treatment.

Steroids {#sec0500}
--------

Steroids (or corticosteroids) work by decreasing inflammation and reducing the activity of the immune system. They are used in most patients who do not meet treatment objectives on pyridostigmine alone. The usual dose of prednisone prescribed in MG is 0.5 mg/kg/day in purely ocular forms, and 1 mg/kg/day in generalized forms. The tapering scheme of steroids varies, according to the patients' response and local habits of the treating physicians. Three main problems may occur in practice: the patients may prove resistant or dependent on steroids and/or develop side-effects with a frequency increasing with treatment dose and duration. However, some patients reach long-standing, remission with no or minimal symptoms with a few milligrams of prednisone alone, which may be maintained over time if MG symptoms reappear when trying to stop the drug \[[@ref042]\].

Immunosuppressive (IS) drugs {#sec0505}
----------------------------

They can be an alternative to steroids, especially in patients over 60 years of age, in steroid-resistant forms of MG. They are also used as a concomitant treatment which allows tapering the doses of prednisone in steroid-dependent patients with generalized forms of MG. Prescribing both steroids and IS drugs in the first place is a common habit in some centers, aiming at limiting the total long-term intake of steroids. Azathioprine, mycophenolate mofetil, cyclosporine, methotrexate and tacrolimus are currently considered as potentially useful in MG \[[@ref042]\]. The first two drugs are generally used as first-line IS drugs, and all of them require an adequate monitoring of potential side-effects. Cyclophosphamide, a treatment used in chemotherapies but also suppressing the immune system, can also be occasionally proposed in non-responders \[[@ref043]\].

One difficult question is the acceptable duration of treatment with IS drugs. There is currently no consensus on that point, and some patients remain heavily dependent, forbidding the discontinuation of IS drugs.

Rituximab {#sec0510}
---------

This anti-CD20 B-cell depleting monoclonal antibody has proved to be a major weapon in the fight against cases of MG which do not meet therapeutic goals with IS treatment. At the present time, it is thus a second-line treatment, all the more so that rare but severe complications (including progressive multifocal leukoencephalopathy) may potentially occur \[[@ref044]\]. However, it is questionable whether the risks of complications do not increase with the burden of immunosuppressant treatments preceding the introduction of Rituximab. Unfortunately, the data obtained on Rituximab over the last few years in MG are very heterogeneous in terms of treatment regimen, evaluation and patients' previous management, and the best therapeutic scheme is not yet determined. A recent meta-analysis has shown that MuSK-MG patients, younger and mild to moderate cases seem to develop a better response to rituximab \[[@ref046]\]. Independently of the antibody status, studies show a variable response rate, ranging from 50 to 100% \[[@ref047]\]. The BeatMG (NCT02110706) and Rinomax (NCT02950155) trials, comparing Rituximab with placebo (unfortunately with different treatment schemes) should soon add new data to our knowledge.

Thymectomy {#sec0515}
----------

Thymectomy is obviously mandatory in patients with thymoma. In non-thymomatous patients, there is no evidence for an interest of surgery in MuSK-MG. In AChR-MG, thymectomy is proposed in order to limit the dose and duration of immunotherapy. The results of the MG thymectomy trial (MGTX) confirm the fact that transsternal thymectomy, associated with prednisone, allows a decrease in prednisone requirement in non-thymomatous patients when compared with prednisone alone, and a general alleviation of the disease burden over time \[[@ref030]\]. The use of less invasive techniques, often proposed in clinical practice, is currently being evaluated and should add to the acceptability of this procedure, especially in younger patients \[[@ref048]\]. Surgery is never an emergency, and should be proposed in stable patients.

Intravenous immunoglobulin (IVIg) injections and plasmapheresis {#sec0520}
---------------------------------------------------------------

They are used in cases of MG with life-threatening symptoms, mostly respiratory dysfunction or swallowing difficulties. Plasmapheresis consists in the unspecific removing of antibodies from the blood of patients, while IVIg treatment resides in injecting large amount of immunoglobulins prepared from the serum of different healthy donors. The therapeutic mechanisms of action of IVIg are complex but lead to potent immunomodulatory action. The choice of giving one treatment or the other depends on individual contra-indications (e.g. renal insufficiency for IVIg or sepsis for plasmapheresis), but also on the form of MG, plasma exchanges being probably more effective in MuSK-MG.

In clinical centers having a specific expertise with MG, refractory cases, which may represent about 10--15% of patients \[[@ref047]\], can also be treated with chronic IVIg injections or plasmapheresis exchanges. The decision of using one of these approaches results from an individual assessment of the patient's clinical situation and previous treatment.

Considering innovative therapeutic approaches {#sec0525}
=============================================

MG is a rare disease and it is not easy to gather the proper number of patients to set up clinical trials. Clinical trials for MG are thus often initiated on a limited number of patients with a severe and refractory disease. However, MG takes full use of research advances in other more common autoimmune diseases (AIDs) sharing similar dysfunctions of the immune system. Below, are listed new therapeutic approaches which could be effective for the treatment of MG patients. As indicated on [Fig. 1](#jnd-5-jnd170294-g001){ref-type="fig"}, these therapeutic approaches can modulate the immune system at different levels or can target specific molecules. A few clinical trials are ongoing for some of these approaches as detailed on "clinicaltrial.gov." and listed in [Table 2](#jnd-5-jnd170294-t002){ref-type="table"}.

![Schematic representation of the cell cascade involved in the immune reaction leading to auto-antibody production in MG. The impact on this immune cascade of innovative therapeutic applications is indicated below.](jnd-5-jnd170294-g001){#jnd-5-jnd170294-g001}

###### 

List of potential future therapeutic approaches for MG patients

  Target           Function                                               Therapeutics                                        Ongoing clinical trial for myasthenia gravis
  ---------------- ------------------------------------------------------ --------------------------------------------------- ----------------------------------------------
  Undefined        Immuno-regulation of the immune system                 \- Hematopoietic SCs                                \- 7 patients (NCT00424489)
                                                                          \- Mesenchymal SCs                                  \- No
  CD20             Deplete B cells                                        \- Rituximab                                        \- Approved
  CD40L pathway    Inhibit B-cell activation                              \- CFZ 533 (Novartis)                               \- Phase II (NCT02565576)
                                                                          \- Bleselumab (Astellas Pharma)                     \- No
  BAFF pathway     Inhibit B-cell development and survival                \- Belimumab (GSK)                                  \- Phase II (NCT01480596)
                                                                          \- Blisibimod (Anthera Pharmaceuticals)             \- No
                                                                          \- Atacicept (Merck Serono)                         \- No
  CXCL13 pathway   Inhibit B- and Tfh-cell migration and GC development   \- SAR113244 (Sanofi)                               \- No
                                                                          \- VV5 (Vaccinex)                                   \- No
  Th17 pathway     Inhibit pro-inflammatory Th17 cells                    \- Secukinumab (Novartis)                           \- No
                                                                          \- Ixekizumab (Eli Lilly &Co)                       \- No
                                                                          \- Bimekizumab (UCB)                                \- No
                                                                          \- Brodalumab (AstraZeneca)                         \- No
                                                                          \- Ustekinumab (Janssen)                            \- No
  IFN-I pathway    Inhibit IFN-I inflammatory effects                     \- Rontalizumab (Genentech)                         \- No
                                                                          \- Sifalimumab (MedImmune)                          \- No
                                                                          \- Anifrolumab (MedImmune)                          \- No
                                                                          \- Ruxolitinib (Novartis)                           \- No
                                                                          \- Tofacitinib (Pfizer)                             \- No
                                                                          \- Baracitinib (Eli Lilly &Co/Incyte Corporation)   \- No
  IL-6 pathway     Inhibit IL-6 pro-inflammatory effects                  \- Sirukumab (Johnson &Johnson's)                   \- No
                                                                          \- Siltuximab (Janssen)                             \- No
                                                                          \- Tocilizumab (Hoffmann-La Roche)                  \- No
  Proteasome       Deplete antibody producing B cells                     \- Bortezomib (Millennium Pharmaceuticals)          \- Phase II (NCT02102594)
  Complement       Diminish the NMJ destruction                           \- Eculizimab (Alexion Pharmaceuticals)             \- Approved (USA)

Stem cell therapies to rescue the immune system {#sec0530}
-----------------------------------------------

Stem cell-based therapies have been considered for years as a promising approach to treat chronic diseases. Different stem cell (SC) sources can be considered such as hematopoietic SCs or mesenchymal SCs. Hematopoietic SCs have been among the first used in the clinic, mainly to treat blood disorders and restore hematopoietic function after radiation and chemotherapy. Afterwards, they have also been considered to treat other diseases, such as AIDs \[[@ref050]\]. In 2016, seven patients with refractory and severe MG who received autologous hematopoietic SC transplants have experienced long-term remission, and remained symptom and treatment free for many years. This therapeutic approach can only be applied to severe and treatment-resistant patients, as the procedure is not without risk \[[@ref051]\]. Mesenchymal SCs are distinct from the hematopoietic SCs and have the capacity to differentiate into multiple cell types including adipocytes, myocytes, but not in the hematopoietic cells. Mesenchymal SCs display regenerative and trophic features, as well as anti-inflammatory and immunosuppressive properties.

Studies have reported the beneficial effects of mesenchymal SCs in experimental autoimmune MG (EAMG) models using either syngeneic mesenchymal SCs or human xenogeneic mesenchymal SCs \[[@ref052]\]. Using a new humanized mouse model of MG, Sudres et al. have also demonstrated that human mesenchymal SCs, initially conditioned *in vitro*, were efficient in alleviating the disease. They observed that conditioned mesenchymal SCs act by several mechanisms, including reduction in the expression of costimulatory molecules and proliferation, and activation of complement regulator components \[[@ref054]\]. Mesenchymal SC-based therapy has not yet been tested in MG patients and the mechanisms by which mesenchymal SCs exert their regulatory effects in other AIDs remain largely unknown.

Targeting the CD40L pathway to inhibit B-cell activation {#sec0535}
--------------------------------------------------------

CD40 is expressed on antigen-presenting cells, such as macrophages, dendritic cells and B cells, while its ligand CD40L is expressed on activated T cells. CD40L induces activation of B cells, immunoglobulin class switch, plasma cell differentiation, as well as GC formation. CD40-CD40L interactions were shown to be essential for the development of several AIDs in experimental models, including MG. Indeed in the EAMG model, CD40L knockout (KO) mice are resistant to the induction of the disease and display diminished Th1 and Th2 responses as well as severely impaired T-cell dependent AChR-reactive B-cell responses \[[@ref055]\]. Moreover the use of an anti-CD40L antibody is an effective treatment to suppress EAMG even when it is given during the chronic stage of disease \[[@ref056]\].

Novartis has developed, a fully human IGg1 anti-CD40 monoclonal antibody (CFZ533) that inhibits B-cell activation without B-cell depletion, for diverse autoimmune conditions. A phase II clinical trial is ongoing to evaluate the efficiency of CFZ533 in patients with generalized MG. Other monoclonal antibodies against CD40 have been developed, such as Bleselumab (Astellas Pharma) but it has not yet been evaluated in clinical trial for AIDs.

Antibodies targeting CD40L have also been developed and were promising in experimental models. They have been evaluated in clinical trials for multiple sclerosis and Crohn's disease but halted due to thromboembolic events in treatedsubjects \[[@ref057]\].

Targeting the BAFF pathway to inhibit B cells {#sec0540}
---------------------------------------------

B-cell activating factor (BAFF) is playing a role in B-cell development and survival. An excess of BAFF can favor the proliferation and survival of autoreactive B cells \[[@ref058]\]. Three functional receptors for BAFF have been identified BAFF-R, TACI and BCMA. Different independent studies have shown that circulating BAFF levels were higher in AChR-MG patients compared to healthy controls \[[@ref059]\]. Moreover, BAFF is also overexpressed in the thymus of MG patients \[[@ref063]\]. A polymorphism has been observed in BAFF in a large cohort of MG patients that could explained its higher expression in MG \[[@ref064]\].

Belimumab (Benlystatrademark), commercialized now by GSK, is a monoclonal antibody which neutralizes soluble BAFF. Its use has been approved in different countries for the treatment of systemic lupus erythematosus (SLE) with mixed results \[[@ref065]\]. In MG, a phase II study investigating Belimumab effects in both AChR-MG and MuSK-MG patients has been completed and results are expected. Blisibimod (Anthera Pharmaceuticals) is an inhibitor of both soluble and membrane-bound BAFF. A clinical trial was set up for SLE patients but failed to demonstrate meaningful improvement in patients' disease activity \[[@ref066]\]. APRIL is another molecule of the same family that can also bind TACI and BCMA \[[@ref058]\]. Other selective targeted therapies could thus be considered for all these molecules, such Atacicept (developed by ZymoGenetics and handles by Merck Serono), a recombinant fusion protein that blocks activation of TACI by APRIL and BAFF.

Targeting the CXCL13 signalization to inhibit B-cell and Thf migration and GC development {#sec0545}
-----------------------------------------------------------------------------------------

The chemokine CXCL13 and its receptor CXCR5 that is expressed mainly on B cells and follicular T cells, play a key role in cell migration towards secondary lymphoid organs or inflammatory organs, and the development of a GC reactions. In EOMG patients, CXCL13 is overexpressed in the thymus leading to the abnormal B-cell recruitment \[[@ref067]\] and a higher frequency of circulating follicular T cells was observed in the peripheral blood of MG patients \[[@ref068]\]. Therapies aiming at blocking CXCL13 and CXCR5 interaction are thus of great interest. An anti-CXCR5 monoclonal antibody (SAR113244) was initially proposed by Sanofi for SLE patients but the clinical trial has not been pursued. Recently, a human monoclonal anti-CXCL13 antibody has been developed (VX5-Vaccinex) and tested in several experimental models for different AIDs with very encouraging results \[[@ref069]\]. This new observation supports the potential interest of this therapeutic approach.

Targeting IL-17 pathway to inhibit pro-inflammatory Th17-cell effects {#sec0550}
---------------------------------------------------------------------

In recent years, the development of AIDs has been linked to the imbalance between Treg cells and pro-inflammatory Th17 cells, in favor of these lasts. Treg cells possess immunomodulatory properties indispensable to terminate a normal immune reaction, maintain peripheral tolerance to self-antigens and avoid autoimmunity. In contrast, Th17 cells are highly inflammatory. They are defined by the production of different IL-17 cytokines that are involved in inflammation and AIDs. Th17 cells differentiate from naïve T cells upon stimulation with IL-21 and Il-23.

The overexpression of cytokines of the IL-17 family has been observed in T cells from MG thymuses together with the up-regulation of IL-23 receptor expression \[[@ref041]\]. Elevated levels of IL-17A has been demonstrated in the serum of EOMG patients in correlation with disease severity \[[@ref037]\]. The implication of Th17 cells has also been demonstrated in the EAMG mouse model. Indeed, IL-17 KO mice develop fewer EAMG symptoms \[[@ref070]\].

Different monoclonal antibodies have been developed against IL-17A, such as Secukinumab (Cosentyx^TM^, Novartis), Ixekizumab (Talz^TM^, Eli Lilly & Co), that seem promising for the treatment of psoriasis and psoriasis arthritic \[[@ref072]\]. Bimekizumab (UCB) is another monoclonal antibody against both IL-17A and IL-17F that demonstrated positive results in early development in patients with psoriatic arthritis \[[@ref073]\].

IL-17 inhibition can be also achieved by blocking the IL-17 receptor with Brodalumab a human IgG2 monoclonal antibody. Brodalumab (AstraZeneca) is licensed for the treatment of psoriasis. Of note, the blockade of the different IL-17 cytokines or their receptor can lead to different therapeutic responses and both Secukinumab and Brodalumab give mixed responses for rheumatoid arthritis (RA) and even worsen Crohn's disease \[[@ref074]\]. Other therapeutic approaches aiming at blocking Th17 cell differentiation can also be envisaged with the use of molecules targeting IL-23. For example Ustekinumab (Stelara^TM^, Janssen) is an antibody against the p40 protein subunit present in IL-12 and IL-23. It is licensed again for the treatment of psoriasis, psoriasis arthritic and also Crohn's disease. The efficacy in RA is not yet clearly demonstrated and a clinical trial is ongoing for SLE.

Targeting the IFN-I signaling pathway to switch off chronic inflammation {#sec0555}
------------------------------------------------------------------------

Type I IFN (IFN-I) plays a central role to set up a balanced immune response to pathogens. The IFN-I family comprises different subtypes, such as IFN-*β* and several IFN-*α*. They all signal via a common heterodimeric receptor, composed of IFNAR1 and IFNAR2, which relies on associated kinases (JAK1 and TYK2) to phosphorylate STAT transcription factors and induce an IFN-I signalization \[[@ref075]\].

In thymoma-associated MG patients, IFN-I subtypes are overexpressed in thymoma and patients display high levels of anti-IFN-I autoantibodies \[[@ref076]\]. In EOMG, IFN-*β* is also overexpressed in the thymus and could be the orchestrator of thymic changes associated with MG \[[@ref063]\]. IFN-*β* is overexpressed by thymic epithelial cells even long after the disease onset. These observations suggest that targeting the IFN-I signaling pathway could shut down the chronic inflammation characteristic of many AIDs. In this way, different therapeutic approaches are investigated but not yet in MG. The use of antibodies against anti-IFN-*α* (Rontalizumab (Genentech), Sifalimumab (MedImmune)) or against the IFNAR1 (Anifrolumab (MedImmune)) is under consideration for SLE but also dermatomyositis and polymyositis \[[@ref077]\].

Drugs that block JAK/STAT signalization could also interfere in a non-specific way with various cytokine signalization, such as IL-6. Small molecules inhibiting JAKs (Jakinibs) are proposed for the treatment of RA: Ruxolitinib (Jakavi^TM^, Novartis) and Baracitinib (Eli Lilly & Co/Incyte Corporation) for JAK1 and JAK2, or Tofacitinib (Xeljanz^TM^, Pfizer) for JAK1, JAK3 and to a lesser extend JAK2 \[[@ref078]\].

Targeting the IL-6 pathway to overcome its pro-inflammatory effects {#sec0560}
-------------------------------------------------------------------

IL-6 is a pleiotropic cytokine that has context-dependent pro- and anti-inflammatory properties. IL-6 is produced by various cell types and not only immune cells. IL-6 actively stimulates T lymphocytes and favors the switch of Treg cells towards a pathogenic Th17 cell phenotype. IL-6 also induces B-cell differentiation into antibody-secreting cells and promotes the survival of long-lived plasma cells \[[@ref079]\].

IL-6 expression is increased in different cell types in MG patients: *in vitro*, IL-6 mRNA expression is increased in peripheral blood mononuclear cells from MG patients in response to AChR \[[@ref080]\], increased expression of IL-6 has also been observed in thymic epithelial cells from MG patients \[[@ref081]\] and IL-6 is expressed at a higher level in MG than control muscles \[[@ref082]\]. IL-6 KO mice are resistant to EAMG and this is associated with a significant reduction in GC formation in the spleen and a decrease in serum complement C3 levels \[[@ref083]\]. Moreover, antibodies against IL-6 suppress EAMG in the rat model when administrated either during the acute or the chronic phase of disease. Suppression of EAMG is accompanied by a decrease in anti-AChR antibodies and by a reduced number of B cells \[[@ref084]\].

Compounds have been developed that target IL-6, its receptors or downstream signaling molecules. Monoclonal antibodies against IL-6 have been designed for other AIDs: Sirukumab (Johnson & Johnson's) for RA \[[@ref085]\], Siltuximab (Janssen) for the treatment of neoplastic diseases, and Tocilizumab (Actemra^TM^, Hoffmann-La Roche) for RA and systemic juvenile idiopathic arthritis \[[@ref086]\]. None has been considered so far for MG patients.

Targeting the proteasome to reduce antibody-producing cells {#sec0565}
-----------------------------------------------------------

Bortezomib (VelcadeTM, Millennium Pharmaceuticals) is an inhibitor of the proteasome. The proteasome is a large complex of proteases involved in the degradation of abnormal or unneeded proteins. The immunoproteasome is formed by the replacement of certain subunits of the proteasome and is abundantly expressed in cells of hematopoietic origin. It actively participates in the degradation of intracellular proteins for presentation of antigens by the major histocompatibility complex molecules \[[@ref087]\].

Bortezomib was initially used as an anti-cancer drug in particular in hematological malignancies. However, Bortezomib has been reported to reduce autoantibody titers improving clinical condition in a SLE mouse model \[[@ref088]\]. Since Bortezomib has been efficiently used in other experimental autoimmune models. It depletes both short-lived and long-lived plasma cells that usually survive the standard immunosuppressant treatments. In the mouse EAMG model, Bortezomib efficiently reduces the rise of anti-AChR autoantibodies, prevents ultrastructural damage of the postsynaptic membrane, improves neuromuscular transmission, and decreases MG symptoms \[[@ref089]\]. It was also demonstrated that *in vitro* Bortezomib can kill long-lived plasma cells derived from the thymus of EOMG patients \[[@ref090]\]. A selective inhibitor of the immunoproteasome (ONX-0914) has also proved to be efficient in the classical EAMG model ameliorating disease severity \[[@ref091]\]. A clinical trial is ongoing to investigate the effect of Bortezomib in patients with refractory MG, SLE or RA.

Complement inhibition to attenuate the consequences of the autoantibody attack {#sec0570}
------------------------------------------------------------------------------

Binding and activation of complement at the NMJ is the predominant pathogenic mechanism of anti-AChR antibodies \[[@ref092]\]. In the MG thymus, the activation of the complement cascade has also been observed on myoid cells and on thymic epithelial cells \[[@ref093]\]. Numerous studies on EAMG models have clearly shown that inhibition of complement pathways effectively and specifically diminish the NMJ destruction induced by anti-AChR antibodies. Changes in complement concentration can influence the severity of MG: (1) Experiments in rats showed that blocking or depletion of complement protects animals from developing EAMG \[[@ref094]\], (2) antibodies that block complement component C6 or soluble complement receptor 1 protect rodents from EAMG \[[@ref095]\], (3) an inhibitor of C5 reduces symptoms in the rat EAMG model \[[@ref096]\], and (4) Mice deficient for classical complement pathway factors are resistant to antibody and complement mediated EAMG \[[@ref097]\]. Moreover, increased complement consumption was detected in MG patients with high AChR antibody concentrations \[[@ref098]\].

Altogether, these data suggest that molecules aiming at decreasing complement deposition at the NMJ could represent a therapeutic approach of major interest \[[@ref099]\]. Nevertheless, only Eculizimab (Soliris^TM^, Alexion Pharmaceuticals) but no other molecules aiming at inhibiting the complement cascade activation have been considered for MG patients. Eculizumab is a humanized monoclonal antibody that inhibits the cleavage of the complement protein C5 acting at the terminal complement activation cascade. An initial phase II pilot study showed clinically improvements in severe and refractory of AChR-MG patients \[[@ref100]\]. Next, the REGAIN phase III trial has compared this drug to placebo. The primary endpoint based on the measure of a change in MG activities of daily living was not reached due to the use of prespecified worst-rank criteria. However, secondary end points and sensitivity analyses suggested efficacy of Eculizumab leading to a reduction in disease severity \[[@ref101]\]. After this clinical trial, in October 2017, the US Food and drug administration has extended the indication for this molecule as a potential treatment for patients with refractory and generalized AChR-MG. Nevertheless, as C5 terminal complement activation is necessary in the defense against encapsulated bacterial infections, meningococcal vaccines and antimicrobial prophylaxis must be considered to reduce the risk of meningococcal disease \[[@ref102]\].

Conclusion {#sec0575}
==========

Various therapeutic strategies have been developed for MG patients, but MG is still a chronic disease and most patients will need treatments for the rest of their life. Our current strategies have some limitations, mainly due to the potential toxicity of the drugs over time, and to the fact that some patients are or become refractory to their treatment. There is a real need for new therapeutic approaches that could be envisaged earlier in the course of the disease and not only in refractory forms, often after complications linked to the burden of immunosuppressant treatments.
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